sion of the major heat shock genes, the groESL and dnaKJ operons, by binding to the CIRCE (controlling inverted repeat of chaperone expression) element (18, 26) . The HrcA-CIRCE system was shown to control groESL operon expression in C. crescentus, the groE genes presenting a dual type of control. Besides being heat shock inducible, groESL expression is cell cycle regulated during growth at normal temperatures, the regulatory region of the C. crescentus operon containing both a 32 promoter and a CIRCE element (1, 5, 30) . With Bacillus subtilis, experimental evidence indicates that HrcA is maintained in an active conformation that is able to bind CIRCE through the GroE chaperonin system (25, 29) . According to the model proposed, when increased formation of nonnative proteins occurs under heat shock conditions, the GroE system would be sequestered by these proteins and would no longer be available to activate HrcA, leading to derepression of heat shock genes controlled by the HrcA-CIRCE system.
In C. crescentus, however, mutations in CIRCE and hrcA produce loss of temporal control of the groE operon and increased levels of GroEL in cells growing at normal temperatures, with no effect on heat shock induction (5, 30) . Thus, the HrcA-CIRCE system plays a role in the control of groE expression under nonstress conditions in C. crescentus, compared to heat shock induction reported for other bacteria.
In this report, we investigated the binding activity of C. crescentus HrcA to CIRCE in vitro, as well as a possible role of GroE chaperonin system in HrcA activity both in vitro and in vivo. Furthermore, a search for the HrcA DNA-binding domain was conducted by extensive protein sequence comparison. Based on the putative DNA-binding domain, several mutant HrcA proteins were obtained by site-directed mutagenesis, which were then analyzed for their activity both in vitro and in vivo.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The C. crescentus strains NA1000, LS2293, SG300, and SG400 (Table 1) were grown at 30°C in PYE complex medium (27) or M2 minimal-salt medium (8) suplemented with 0.2% glucose (M2G) or 0.1% glucose and 0.1% xylose (M2GX). E. coli cells were cultured in Luria-Bertani medium at 37°C (31) . The following E. coli strains were used: strain TG-1 was used for phage propagation and cloning, strain CJ236 was used to generate uracil-rich single-stranded DNA for site-directed mutagenesis, strain S17-1 was used as the donor strain in conjugations with C. crescentus, and strain DH5␣ was used to overexpress the recombinant HrcA proteins.
Site-directed mutagenesis. Site-directed mutagenesis was performed by the method of Kunkel et al. (21) , using single-stranded DNA derived from C. crescentus hrcA cloned in M13mp19 as a template. The synthetic oligonucleotides Pro39Ala (AGACCGGTGAGGCCGTCGGTTCACG), Ser42Ala (AGCCCGT CGGTGCGCGCACCATTTC), Ser56Ala (GTCGCCGGCCGCGATCCGCAA TACG), Arg58Ala (GGCCTCGATCGCCAATACGATGCAG), Pro81Ala (CC GGTCGTATGGCGACCCATGCGGG), Arg87Ala (CATGCGGGCCTGGCG ATGTTCGTCG), and Glu301Ala (CTATATCGGGGCCGCCACACGTCTC), were used as primers to replace the corresponding bases (underlined) in the hrcA wild-type gene. The DNA fragments containing the mutations were ligated into pMR20, generating the plasmids pPro39Ala, pSer42Ala, pSer56Ala, pArg58Ala, pPro81Ala, pArg87Ala, and pGlu301Ala (Table 2) , which were introduced by conjugation into C. crescentus LS2293 and NA1000 strains. The hrcA coding region, either the wild type or carrying substitutions corresponding to Pro81Ala and Arg87Ala, was cloned in the pProEx-1 expression vector, giving rise to pRB60, pMS3, and pMS4, respectively (Table 2) .
Overproduction and purification of recombinant HrcA. Several conditions were tested to obtain recombinant HrcA in the soluble form; the best condition is described below. One liter of Luria-Bertani medium containing 200 g of ampicillin/ml was inoculated with 10 ml of an overnight culture of E. coli DH5␣ carrying pRB60, pMS3, or pMS4 and incubated with vigorous aeration at 30°C until the optical density at 600 nm (OD 600 ) was 0.5, when isopropyl-thiogalactopyranoside was added to 0.6 mM. After 3 h, the cells were pelleted, washed, and resuspended with 2 ml of buffer A (50 mM Tris-HCl [pH 8], 0.5 mM EDTA, 50 mM NaCl, 5% glycerol, and 150 g of phenylmethylsulfonyl fluoride/ml). Cells were lysed by sonication, and cell debris was removed by centrifugation at 20,000 ϫ g for 30 min. Under these conditions, most of the recombinant HrcA (wild-type and mutant proteins) was found in the soluble fraction. This fraction was then incubated with 2% deoxycholic acid for 10 min at 4°C, dialyzed against buffer I (10 mM Tris-HCl [pH 8], 100 mM NaCl, 10 mM imidazole) for 6 h and concentrated with a Centricon 30 filter device (Amicon). The resulting protein fraction was incubated for 2 h at 4°C with Ni-nitrilotriacetic acid agarose resin (QIAGEN) equilibrated in buffer I. The His 6 -HrcA protein was eluted with 5 ml of buffer I containing 100 and 150 mM imidazole, and the eluate was dialyzed for 2 h against buffer A. The concentration of purified His 6 -HrcA protein was determined with the bicinchoninic acid kit (Bio-Rad).
Gel shift assays. Gel shift assays were used to study the binding of the HrcA protein to the CIRCE region, as previously described (6) . The probe MA8 used for these assays was a 150-bp EcoRI-HindIII fragment from pMA18 (1) containing the C. crescentus groESL regulatory region. This DNA fragment was isolated from a polyacrylamide gel and end labeled with [␥-
32 P]ATP according to standard protocols (31) . Labeled fragment (10 5 cpm) was mixed with 5 g of purified His 6 -HrcA protein in DNA-binding buffer (10 mM Tris-HCl [pH 7.8], 10 mM MgCl 2 , 100 mM NaCl, 2 mM dithiothreitol, 1% glycerol, and 1 g of salmon testis DNA) in a final volume of 30 l. When noted, the E. coli protein GroEL (3 M) and/or GroES (1 M), kindly provided by A. C. R. da Silva (Universidade de São Paulo), was added to His 6 -HrcA, and the mixture was preincubated for 10 min at 30°C in DNA-binding buffer before the binding reaction was started by the addition of the probe. ATP and AMP-PCP were added to the binding reaction mixture to a final concentration of 30 M when needed. The DNA-protein mixtures were incubated for 20 min at 30°C and loaded onto 8% nondenaturing polyacrylamide gel in 0.5ϫ TBE buffer (4 mM Tris [pH 8], 4 mM boric acid, 1 mM EDTA). Gels were run in 0.5ϫ TBE buffer at 4°C at 20 mA, dried under a vacuum, and subjected to autoradiography.
Binding assays with immobilized HrcA. To investigate interactions between HrcA and GroEL, the binding of GroEL to immobilized His 6 -HrcA was analyzed according to a previously described method (9) . Total protein extract obtained from E. coli overexpressing recombinant His 6 -HrcA was loaded onto an Ni-nitrilotriacetic acid agarose column. Following several washes with lysis buffer (50 mM NaH 2 PO 4 [pH 8 .0] containing 300 mM NaCl and 10 mM imidazole), a crude extract prepared from C. crescentus strain LS2293 (an hrcA null mutant, which presents higher GroEL levels) or purified GroEL was applied to the column. The column was washed once with lysis buffer, and then the bound proteins were eluted with the same buffer containing 100 mM imidazole. The eluate was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotted with anti-GroEL antiserum. As a control, the same experiment was carried out without loading the column with His 6 -HrcA. The binding reactions were performed at 4°C. The crude extract of LS2293 was prepared from cells obtained from 50 ml of an exponential-growthphase culture. Cells were collected by centrifugation, resuspended in 5 ml of lysis buffer, and disrupted by sonication, and the insoluble debris was removed by centrifugation at 13,000 ϫ g for 15 min at 4°C. Immunoblots. Aliquots of C. crescentus cells were collected, and total protein extracts were prepared as previously described (1) . The protein extracts were resolved through SDS-PAGE, the proteins were transferred to nitrocellulose membranes, and the membranes were incubated with the appropriated antibodies, as previously described (5). The anti-HrcA antiserum was obtained from a rabbit immunized with a fusion protein overexpressed in E. coli, corresponding to about 30 kDa of the carboxy-terminal portion of C. crescentus HrcA containing an N-terminal histidine tag from the expression vector pProEx-1 (Gibco-BRL).
Heat shock promoter activity. The lacZ transcriptional fusions pDel1, pMA11, pRB19, and pMA100 (Table 2) were introduced into C. crescentus strains NA1000 pRB51 and NA1000 pAS22, and pMA11 and pRB19 were introduced into strains SG300 and SG400. Overnight cultures of the resulting strains were diluted in 10 ml of PYE medium in triplicate and grown to an OD 600 of 0.5. When noted, xylose was added to a final concentration of 0.1%. ␤-Galactosidase activity was measured according to Miller (24) , with 50 to 100 l of each culture. Assays were carried out in duplicate in at least three independent experiments.
RESULTS AND DISCUSSION
Specific binding of recombinant HrcA to the CIRCE element. To obtain in vitro evidence of a physical interaction between CIRCE and HrcA, gel shift assays were performed using an amino-terminally histidine-tagged version of C. crescentus HrcA (His 6 -HrcA) and a 150-bp DNA probe (MA8) containing the promoter region and the CIRCE element of C. crescentus groESL operon. As shown in Fig. 1A , gel shift experiments with increasing amounts of His 6 -HrcA showed protein-dependent formation of three retarded bands. All three DNA-protein complexes were shown to be specific, since addition of increasing amounts of unlabeled probe as a specific competitor prevented the formation of all three complexes (Fig. 1B) .
To investigate if C. crescentus HrcA DNA-binding activity could be chaperonin dependent, preincubation of His 6 -HrcA in binding buffer containing purified E. coli GroES and GroEL was carried out, and the DNA-binding assay was started by addition of the probe (MA8). As shown in Fig. 2 , lane 3, when HrcA was preincubated with GroES/GroEL there was a significant increase in the amount of complex 2, with a concomitant decrease in the amounts of complexes 1 and 3. This corroborates the hypothesis proposed by Mogk et al. (25) that HrcA-binding activity is controlled by the availability of GroES/GroEL, which would stabilize HrcA in its active state, and suggests that complex 2 is the main complex, where HrcA is closer to its native conformation. In addition, a novel weak complex, which was named complex 4, appeared when the binding assay was carried out in the presence of GroES/ GroEL. All four complexes are specific, since the amount of each complex decreased dramatically in the presence of the unlabeled probe (Fig. 2, lane 5) .
Interestingly, when ATP was added to the binding reaction mixture containing HrcA, GroES and GroEL, the amount of complexes 1, 2, and 3 decreased drastically, whereas complex 4 was maintained (Fig. 2, lane 4) . Hydrolysis of ATP seems to be important for this process, since the presence of a nonhydrolyzable ATP analog (AMP-PCP) had no effect in the formation of any of the four complexes (data not shown). The formation of complex 4 is intriguing, since an apparently identical complex was formed when the MA8 probe was incubated with GroEL alone or GroEL plus ATP (Fig. 2, lanes 6 and 7) . This complex is also specific, because the addition of unlabeled probe prevented its formation (Fig. 2, lane 8) . Altered levels of GroES/GroEL affect groESL promoter activity in vivo. To investigate if changes in GroES/GroEL levels could affect HrcA repressor activity in vivo, we introduced lacZ transcription fusions carrying the groESL promoter region either with a wild-type (pMA11) or a mutated (pRB19) CIRCE element into C. crescentus strains overexpressing or not overexpressing GroES/GroEL. The overexpressing strain NA1000 pRB51 carries a multicopy plasmid in which the groESL genes are under the control of the P xylX promoter (7). Thus, in the presence of xylose the levels of GroES/GroEL are two to threefold higher than in those in the control strain NA1000 pAS22, which carries only the chromosomal copy of the groESL genes (7) . As the results shown in Table 3 indicate, ␤-galactosidase activity in C. crescentus cells carrying transcription fusion pMA11 was 30% lower in cells overexpressing GroES/GroEL (NA1000 pRB51) than in cells presenting normal levels of these chaperones (NA1000 pAS22). On the other hand, in cells carrying the transcription fusion pRB19, which contains a mutated CIRCE element, overexpression of GroES/GroEL had no effect on ␤-galactosidase activity levels. Since HrcA does not bind this mutated CIRCE element, at least not with the same affinity as the wild-type element (5, 30), no effect of excess GroES/GroEL was expected, as this experiment confirmed.
As controls, lacZ transcription fusions with two other heat shock promoters which do not contain a CIRCE element, the dnaK promoter region (pDel1) and clpB promoter region (pMA100), were introduced into strains NA1000 pRB51 and NA1000 pAS22. No differences in ␤-galactosidase activity with both transcription fusions were observed, whether the cells overexpressed GroES/GroEL or not. Since groE, clpB, and dnaK promoters are all controlled by 32 , these results indicate that the effect of high GroES/GroEL levels in the groE promoter was due to the presence of CIRCE and not to the 32 promoter. These results are in agreement with a positive role of GroES/GroEL on HrcA repressor activity, similar to the role that has been ascribed to B. subtilis (25, 29) .
To further investigate the possible role of GroES/GroEL in the control of HrcA activity, we introduced transcription fusions pMA11 and pRB19 into two other C. crescentus strains, SG300 and SG400, in which the expression groESL and dnaKJ operons, respectively, are dependent on the presence of xylose (7). Thus, when xylose was removed from the growth medium, the levels of GroES/GroEL in SG300 cells decreased, being virtually absent after 5 h without xylose. Similarly, the levels of DnaK/DnaJ decreased drastically in SG400 cells growing in the absence of xylose. In addition, the decrease in GroES/GroEL levels in SG300 was accompanied by a concomitant increase in DnaK/DnaJ levels; conversely, the decrease in DnaK/DnaJ levels in SG400 was accompanied by an increase in GroES/GroEL levels (7). In both cases, there was an increase in 32 levels, although the increase was greater in SG400 cells than in SG300 cells.
As shown in Table 4 , when SG300 cells were grown in the absence of xylose and when the levels of GroES/GroEL decreased, ␤-galactosidase activity increased in cells carrying either transcription fusion pMA11 or pRB19, that is, indepen- a The promoters indicated were transcriptionally fused to the lacZ gene in the plasmid placZ290, and the resulting constructs were established in strains NA1000 pRB51 (overexpression of GroES GroEL) and NA1000 pAS22 (normal levels of GroES GroEL).
b Promoter activity was assayed by measuring ␤-galactosidase activity in cells grown to mid-log phase at 30°C in PYE with 0.1% xylose, as described in Materials and Methods. The results are reported in Miller units, and each represent the average of triplicate assays.
c ␤-Galactosidase activity ratio was determined by dividing the activity measured with NA1000 pRB51 cells by the activity in NA1000 pAS22 cells. a The promoters indicated were transcriptionally fused to the lacZ gene in the plasmid placZ290, and each construct was conjugated into Caulobacter strains SG300 and SG400.
b Promoter activity was assayed by measuring ␤-galactosidase activity in cells of the indicated strains, grown to mid-log phase at 30°C in the presence of 0.1% xylose. Bacteria were washed and resuspended in M2G or M2GX and incubated at 30°C for the indicated times. The activity ratio was determined dividing the ␤-galactosidase activity measured in cells growing in M2G by the activity measured in cells growing in M2GX, at the indicated times after resuspension of the cells. The values shown represent the averages of four independent experiments. dently of the presence or absence of a normal CIRCE element. However, when SG400 cells were grown in the absence of xylose and when DnaK/DnaJ levels decreased, with a concomitant rise in GroES/GroEL levels (7), ␤-galactosidase activity increased only in cells carrying transcription fusion pRB19, which contains a mutated CIRCE element. In cells carrying transcription fusion pMA11, which has a wild-type CIRCE element, no increase in ␤-galactosidase activity was observed. It should be noted that SG400 cells growing in the absence of xylose present higher levels of 32 than SG300 cells under the same conditions; hence, ␤-galactosidase activity in SG400 pRB19 reached higher levels than in SG300 pRB19 cells. The fact that we observed differences in ␤-galactosidase activity levels when we compared cells carrying either pMA11 (wildtype CIRCE element) or pRB19 (mutated CIRCE element), but only in cells not depleted of GroES/GroEL (SG400 cells), was in accordance with the hypothesis that these chaperones are necessary for HrcA activity.
Interaction of GroEL and HrcA in vitro. To demonstrate a physical interaction between GroEL and HrcA, the recombinant protein His 6 -HrcA was immobilized in a Ni-agarose column, and the C. crescentus total protein extract was applied to the column. After being washed, bound proteins were eluted with 100 mM imidazole buffer. Both His 6 -HrcA and GroEL were detected in the eluate, as determined by SDS-PAGE and immunoblot experiments (Fig. 3) . No GroEL could be detected in the eluate of the control column, which was not loaded with HrcA. Similar results were obtained when purified E. coli GroEL was applied to the column instead of a total protein extract, confirming the direct interaction between HrcA and GroEL. Similar results were obtained with B. subtilis (29) .
Searching for HrcA DNA-binding domain by protein sequence comparison. The observation that the CIRCE element is one of the most conserved regulatory sequences in bacteria (22, 32) suggests that the DNA-binding domain of HrcA proteins should present reasonable conservation in predicted structure and amino acid sequence. Thus, to identify this domain we used the programs MEME (Multiple Maximization Expectation for Motif Elicitation) (3) and MAST (Motif Alignment and Search Tool) (4) to analyze a set of 97 HrcA protein sequences taken from the National Center for Biotechnology Information database. We found that the most-conserved motif in the HrcA family is located in the N-terminal region of the protein and encompasses 37 amino acid residues, with the consensus sequence SsATIRNeMadLEelGllekpHtSsGRvPdk GyRyy, where the residues shown in uppercase letters are conserved in at least 70% of the HrcA proteins analyzed, and the remaining residues (in lowercase letters) are found in no less than 20% of the sequences. In C. crescentus HrcA, this region extends from residues 53 to 89 and was named conserved region 1 (Fig. 4A) . The second-most-conserved region of HrcA is also located near the N terminus of the protein and comprises 29 amino acids; its consensus sequence is teRqlXILr aIvedYiXtgePVGSktLse (the amino acid residues are shown as in the sequence above, except that X stands for residues conserved in Ͻ20% of the sequences). This motif extends from amino acids 19 to 47 in the Caulobacter HrcA protein and was named conserved region 2 (Fig. 4A) .
In addition, when the HrcA protein sequences are compared to other protein families in databases such as InterPro, SMART, Pfam, and PROSITE, the results invariably show similarity of HrcA with proteins of the LexA and DeoR families of DNA-binding proteins. This similarity is restricted to the N-terminal domain of HrcA, coinciding in part with the conserved sequences described above, and includes the helixturn-helix (HTH) motifs present in LexA and DeoR (12, 35) . Figure 4A shows a ClustalW alignment of 10 distinct HrcA protein sequences with DeoR and LexA from E. coli. Despite differences in amino acid sequence, the recognition helix in the HTH motifs of LexA and DeoR always aligned with the same region in the different HrcA proteins analyzed. Thus, we suggest that this sequence (Fig. 4A) constitutes the recognition helix of the HrcA proteins. The same region was recently proposed as the recognition helix of HrcA for Bacillus thermoglucosidasius and B. subtilis (19, 36) . Figure 4A also shows the putative stabilization helix of the HTH motif (amino acids 42 to 48 in C. crescentus) in the various HrcA proteins.
To gain further insight into the structure of HrcA N-terminal domain, we used the FUGUE system of analysis (http: //www-cryst.bioc.cam.ac.uk/ϳfugue/) (33) . The results obtained with the ClustalW alignment of 97 HrcA sequences indicated a winged helix template for the N-terminal domain of HrcA in 90% of the alignments achieved, with the structure of LexA N-terminal domain (Protein Data Bank entry 1LEA) as the top score, a similarity previously noticed for Mycoplasma genitalium HrcA (20) . The FUGUE alignments of the HTH region of 11 winged helix proteins (representing over 60% of the winged helix templates) and C. crescentus HrcA are shown in Fig. 4B . The alignments of HrcA sequences with these tem- plates suggest that most HrcA homologues have a HTH motif longer than usual, with a few exceptions. The FUGUE analysis also indicated that the anti-parallel ␤-sheet of the winged helix domain is most probably located in the region corresponding to positions 70 to 83 of C. crescentus HrcA (Fig. 4) . MEME analysis also detected a C-terminal conserved region as the third-most-conserved motif in HrcA (consensus sequence, ggrXvGtlgviGPtRMdYsrviplvdXva). This region encompasses amino acids 321 to 349 in C. crescentus HrcA (data not shown). Comparisons of C. crescentus HrcA and the B. subtilis homolog, both of which have been demonstrated to interact with GroEL (reference 29 and this work), shows 45% of amino acid identity for this region, a higher value than expected only by the conservation observed for this motif among the 97 HrcA sequences analyzed. For instance, conserved region 1 presents 46% amino acid identity between the two HrcA proteins; for conserved region 2, this value is only 35%. The region that interacts with GroEL is still unknown; the possibility that the C-terminal conserved region could be involved in this interaction is currently under investigation.
Effect of mutant HrcA proteins on GroEL levels. Based on the identification of the putative DNA-binding winged helix domain of C. crescentus HrcA, we constructed several mutant proteins carrying single site-directed substitutions in conserved amino acid residues located in this region of the protein. The mutated genes encoding these HrcA proteins were cloned into the plasmid vector pMR20, which replicates in C. crescentus, and the resulting constructs were used to complement the hrcA null mutant strain LS2293. The hrcA null strain presented higher levels (about 2.5-fold) of GroEL than the parental strain NA1000, as shown in Fig. 5A . When the null mutant was complemented with the wild-type hrcA gene cloned into pMR20 (pRR312-3), wild-type levels of GroEL were observed (Fig. 5A) . Complementation experiments of the hrcA null mutant strain with different constructs encoding the mutant HrcA proteins were carried out, and the results are shown in Fig.  6A . The amino acids Pro39, Ser42, Ser56, Arg58, Pro81, and Arg87, which are located in or near the putative winged helix domain (Fig. 4) were each replaced by Ala. Figure 5B shows that all mutant proteins were detected in C. crescentus, except for HrcA Arg58Ala, whose corresponding full-length band was not observed, probably due to endogenous proteolysis. In agreement with its absence, the construct encoding HrcA Arg58Ala does not complement the hrcA null mutation, and GroEL levels are high in cells carrying pArg58Ala. As depicted in Fig. 5A , all other mutant proteins tested only partially complemented the null mutant phenotype, with HrcA Pro81Ala complementing the least (GroEL levels were highest). These results indicate that all the amino acids replaced should have a role in maintaining an active HrcA repressor protein. As a control, amino acid Glu301, which is poorly conserved (i.e., found only in about 20% of the 97 HrcA protein analyzed) and located outside the putative winged helix domain, was also replaced by Ala. As shown in Fig. 5 , the mutated protein was produced in normal amounts and GroEL presented wild-type levels, indicating that full complementation occurred in this case. This result suggests that Glu301Ala substitution does not affect HrcA activity.
To investigate if the failure to fully complement the hrcA null mutation could be associated with the inability to bind the CIRCE element, we expressed two of the mutant proteins in E. coli and used them in gel shift assays. As shown in Fig. 6 , complexes 1 and 2 were not detected when HrcA Pro81Ala and HrcA Arg87Ala were used in the binding assays. Furthermore, even though complex 3 was observed with both mutant proteins, it was present in much smaller amounts than those observed with the wild-type HrcA. These results agree well with the weak complementation capacity of each mutant protein, revealed in Fig. 5 .
Mutant HrcA Ser56Ala produces a dominant negative phenotype. The symmetrical structure of the CIRCE element suggests that HrcA binds as a dimer. Furthermore, HrcA from Streptococcus thermophilus has been shown to be a dimer (23) . Thus, the presence of a mutant HrcA protein in a cell also producing the wild-type protein could induce the formation of heterodimers (or higher-order oligomers). Since some amino acid substitutions in HrcA can cause diminished binding of the protein to CIRCE (Fig. 6) , the formation of hetero-oligomers between these mutant proteins and the wild-type HrcA could produce a dominant negative phenotype.
To investigate this possibility, plasmid constructs expressing either wild-type HrcA or mutant HrcA proteins (HrcA Ser56Ala, HrcA Pro81Ala, and HrcA Arg87Ala) were introduced into wild-type strain NA1000. Cell extracts of the resulting bacterial cultures were obtained, and GroEL levels were analyzed by immunoblot assays with the hrcA null strain LS2293 and the parental strain NA1000 as controls. As observed (Fig. 7) , when the wild-type hrcA gene was present in trans (NA1000 pRR312-3), GroEL levels were equivalent to 1 to 3) , wild-type HrcA (lanes 4 to 6), and HrcA Pro81Ala (lanes 7 to 9), in concentrations ranging from 5 mg (lanes 1, 4, and 7), 10 mg (lanes 2, 5, and 8), to 20 mg (lanes 3, 6, and 9) were incubated with the 32 P-labeled groESL regulatory region and analyzed by nondenaturing gel electrophoresis.
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HrcA FROM C. CRESCENTUS 6765 on February 21, 2013 by PENN STATE UNIV http://jb.asm.org/ those detected in the parental strain NA1000. Similarly, GroEL levels in strains carrying the constructs encoding HrcA Arg87Ala and HrcA Pro81Ala were also nearly identical to the wild-type levels. Only when HrcA Ser56Ala was expressed in NA1000 did GroEL levels increase about twofold compared to the wild-type levels. Since all three mutant proteins analyzed were partially defective (Fig. 5) , the results shown in Fig. 7 suggest that only HrcA Ser56Ala should form a hetero-oligomer with wild-type HrcA. Thus, the substitutions Arg87Ala and Pro81Ala could prevent proper oligomerization. Concluding remarks. We show here that C. crescentus HrcA binds specifically to the CIRCE element in a dose-dependent fashion and that GroES/GroEL facilitates this binding. Furthermore, direct interaction between HrcA and GroEL was demonstrated in vitro by affinity chromatography. In addition, overexpression of GroES/GroEL in vivo was shown to negatively affect transcription directed by the wild-type groESL promoter region.
These results constitute the first demonstration of the positive role of GroES/GroEL in HrcA activity in gram-negative bacteria, similar to what has been proposed for B. subtilis and S. thermophilus (23, 25) . Nevertheless, in these gram-positive bacteria, HrcA-CIRCE is involved in heat shock induction, and the proposed model states that upon heat stress, accumulation of unfolded proteins within the cell would sequester GroES/GroEL, which then would not be available to interact with HrcA, causing its inactivation. In C. crescentus, where the HrcA-CIRCE system is not involved in heat shock induction, a feedback control of GroES/GroEL production could occur at normal temperatures.
The putative DNA-binding domain of C. crescentus HrcA was identified based on extensive comparative protein sequence-structure analysis and was localized in the N-terminal region of the protein. The domain presents significant similarity to the winged helix DNA-binding domain of LexA of E. coli and has a noncanonical HTH motif as well, indicating that HrcA and LexA share a common fold. The HrcA DNA-binding domain comprises at least 82 amino acid residues, since the C terminus of the ␤-sheet in the wing is most likely located at residue 82 or 83 (Fig. 4) . There is probably also a helical region C terminal to this ␤-sheet, extending from residue 87 or 88 possibly to as far as residue 137 in the C. crescentus protein (data not shown). It is not known if any portion of this region is part of the N-terminal domain, but both the FUGUE alignments and the amino acid substitutions Pro81Ala and Arg87Ala suggest the possible involvement of this region in the oligomerization of HrcA.
Computational analysis of the amino acid sequences of a set of 97 HrcA proteins indicated that these proteins show three conserved regions, two located in the N-terminal winged helix domain and another less-conserved region in the C-terminal domain of the protein. One possibility is that this C-terminal region may be involved in the interaction of HrcA with binding partners such as GroEL. Direct experimental evidence is needed, however, to establish the function of this region.
Several mutated HrcA proteins containing single amino acid substitutions in the proposed DNA-binding domain were obtained and shown to be deficient in binding to CIRCE, both in vitro and in vivo. Amino acid residues Pro39, Ser42, Ser56, Pro81, and Arg87 were all shown to be important for HrcA activity. Furthermore, HrcA Ser56Ala expressed together with the wild-type protein within the same cell produced a dominant negative phenotype, indicating that C. crescentus HrcA binds to CIRCE in an oligomeric form, most likely as a dimer.
